ABSTRACT We present a cross-disciplinary approach applied to the strength prediction and correlation of cement composites in this paper. The empirical models for predicting flexural and compressive strengths of a kind of fiber reinforced cement composites, known as engineered cementitious composites (ECCs), were first developed. Nonlinear regressions were applied to the measurement data of a destructive compression test and four-point bending test. Each of these tests was conducted on 36 specimens at growing ages (3, 7, 14, and 28 days), wherein three mixes of ECC (PE1, PE2, and PE3) were prepared for each test. Each mix had different water-to-binder (w/b) ratios of 0.20, 0.255, and 0.30 whereas the total volume of each mix remained the same. The correlations among flexural strength, compressive strength, and electrical conductance of ECCs were then developed based on the early-age measurement using the microwave nondestructive test (mDNT). The primary objective of this research is to study the relations between flexural strength and compressive strength of ECC specimens under the influence of small deviations in w/b ratio. The secondary objective is to predict the strength growth of ECCs with the microwave effective conductance. The correlation results show that the flexural strength behaves as a quasi-linear function with increasing compressive strength, which has been verified by using direct measurement data. This cross-disciplinary approach highlights the effectiveness of the mDNT in predicting the mature strengths of ECCs at early ages.
I. INTRODUCTION
Earthquakes are one of the most dangerous incidents in the world that occur to structural buildings and leave a harmful effect over the region. A sudden release of energy from an earthquake strike leaves many casualties in people lives and properties. The strongest earthquakes that have hit China are: 1950 Chayu which was the strongest with 8.6 Mw in magnitude [1] , 1976 Tangshan earthquake which is also known as the great earthquake with a magnitude of 7.8 Mw leaving a number of deaths from 240,000 to 255,000 [2] , the most recent one being the 2008 Sichuan (Wenchuan) earthquake
The associate editor coordinating the review of this manuscript and approving it for publication was Mohamed Kheir. with 7.9 Mw in magnitude, 69,000 people lost their lives and 18,222 reported as missing [3] . At present, concrete is the most widely used building materials, however, it is not suitable to be used in earthquake prone areas due to its brittleness. The service life of buildings is also influenced. It is expected to use a kind of concrete with high ductility.
Engineered cementitious composite (ECC) is a special class of fiber reinforced CBMs and is getting more popularity among researchers and engineers [4] , [5] . ECCs' applications in structural building and tunnels are rapidly increased due to its advantage in ductility that overcomes traditional brittle cement-based materials (CBMs), such as concrete. ECC is characterized by its high tensile and flexural strength due to the presence of fiber which form mechanical interaction with cement matrix and can also minimize the cracks size [6] , [7] . Engineers have done lots of efforts to design buildings that resist earthquakes and have better performance against seismic waves. It was reported by Fukuyama et al. [8] that ECC has a better seismic performance and excellent ductile behavior compared to conventional concrete, where shear failure and bond splitting are prevented in the ECCs. Similar result was obtained by Chung et al. [9] when comparing the ductility of ECC to mortar specimens having the same mix proportions but without adding the PVA fibers. Several examples of ECC has been used in construction. The Sanyuan cable-stayed bridge, which was built in 2005 in Hokkaido Japan, has good stiffness and bearing capacity with the bridge face by using ECC replaced the asphalt overlay. The using of seismic beam in Yokohama building, which was made of ECC, allows the building to withstand the M9.0 earthquake of March 11, 2011. Due to the advantages of ECC, more researchers are focusing on characterizations of ECC in various aspects, such as mechanical, chemical, electrical, so on. Compressive and flexural strength are considered as the most important mechanical properties of ECCs. Compressive strength plays an important role in the performance assessment of cementitious structures. Meanwhile, flexural strength is a critical factor in determining the performance of CBMs, especially in relation to road and slab design, airfield runways and the seismic behavior [10] . Therefore, these have attracted many researchers and engineers who have undertaken studies in the relations between flexural strength and compressive strength for different types of CBMs [11] - [17] . Traditionally, both compressive strength and flexural strength are obtained by destructive tests, which are time consuming and costly [18] . The relations between different mechanical properties of CBMs are expected to be established, which provides a means of estimating the other quantities when one of the mechanical properties is known. Different codes and standards have proposed equations used to relate the compressive strength and flexural strength, such as the Indian code of practice (IS 456), the ACI code (ACI-318), the Euro-code (EC-02), and the Canadian code of practice (CSA) [19] . However, the aforementioned studies and standards mainly focus on conventional brittle concrete, which cannot be appropriately used on the seismic withstand cement composites, such as ECCs. Zhu et al. [20] carried a research on the relations between compressive strength and ductility of ECC specimens with different mineral admixture by using a mechanical test. The effect of w/b ratio was not investigated in their studies. It is known that the w/b ratio has a significant effect on various properties of CBMs such as porosity, durability, compressive strength and shrinkage, decreasing w/b ratio results in increasing compressive strength [21] . Several researches reveal that a minor change in w/b ratio has a significant impact on compressive and flexural strengths. Sekhar and Raghunath [22] found that decreasing w/b ratio from 0.33 to 0.25 increases the compressive strength of a highperformance concrete from 60 to 71 MPa. Similar finding was obtained from ECC mixes by Şahmaran et al. [23] that flexural and compressive strengths increase nearly by more than 30% when w/b ratio decreased from 0.30 to 0.27. In civil construction, except the reinforced steel bar (rebar), cement is the most valuable material when comparing with other raw materials. One can maximize a project's profit by using less amount of cement in a construction project against the strength requirement from the specified standards. This is a common problem in developing countries, where construction inspections from government bodies are insufficient and even corrupted. Within 2016, more than six incidents of building collapses occurred in Lagos State in Nigeria, one of the main reasons was due to reducing cement quantity in concrete mix [24] . In Bangladesh an eight-story building collapsed in Dhaka the capital city, leaving around 150 deaths and more than a thousand injured. These deaths were blamed on the shoddy construction of the schools in the region. Again, a less amount of cement was reported to be one of the main reasons for the collapse [25] . As a consequence, the on-site inspection on the accuracy of w/b ratio or water-to-cement (w/c) ratio plays a very important role in structural safety. Altogether, this has motivated us to carry out the current study where prediction and correlation of flexural and compressive strengths of ECCs under an influence of small deviations in w/b ratio are investigated.
Structural health monitoring (SHM), which aims to monitor the in situ behavior of a structure accurately and efficiently, has been fast developed in engineering especially in civil construction field [26] . A new discipline of civionics is now developed and propagating nowadays worldwide as a collaboration between civil and electronic engineers, to satisfy the needs of monitoring the health of innovative structures [27] - [28] . With the needs of SHM, CBMs as known to be the basic components of structures, are expected to be monitored and predicted during the hydration process. It has been acknowledged that nondestructive testing (NDT) plays a significant role in the strength monitoring of civil infrastructures over the past decades. The ability of the resistivity measurement was employed to detect and to locate cracks and spalling on a damaged concrete slab [29] . Ultrasonic pulse velocity connected with a rebound hammer has been a widely accepted approach of estimating and monitoring the strength of early-age concrete [30] - [33] . Piezoceramic as sensors or smart aggregate embedded in concrete is a novel technique for SHM of concrete [34] , [35] . Recently, mDNTs have been gaining more attention in structural health monitoring and evaluations due to their advantages over the destructive techniques [36] , [37] . Microwave signals can penetrate inside a dielectric medium like ECC and interact with its microstructure. As a result of the chemical reaction between water and cement, which lead to a strong interaction with the porosity and saturation in ECC, the dielectric and electrical properties can be used for evaluation and prediction of mechanical properties. Chung and Kharkovsky [38] proposed a linear relation between flexural strength in terms of modulus of rupture (MOR) and modulus of elasticity (MOE), VOLUME 7, 2019 which demonstrates the reliability of the microwave technique. Meanwhile, compressive strength of ECC was predicted accurately using microwave conductance through the model proposed by Chung, et al. [39] .
In this study, the authors pay attention to the growth of mechanical properties of ECCs with tightly controlled w/b ratios (0.20, 0.255, and 0.30) using a cross-disciplinary approach, wherein the microwave nondestructive technique (mNDT) and the conventional destructive tests were used concurrently. Parallel experimental works and regression analysis on the microwave conductance as well as the mechanical properties of flexural strength and compressive strength were undertaken. Unlike the previous studies, the objective of this research is to develop the relations between the growth of compressive strength and flexural strength of ECCs via the correlation means of microwave conductance at early ages. Therefore, this is a prediction and correlation of mechanical strengths by using microwave conductance. The ultimate goal of this study is to allow one to predict and monitor both the development of flexural strength and compressive strength of cement composites by the measurement of microwave conductance using mDNT method at early ages. A big picture describes the overall interdisciplinary approach as shown in Fig. 1 , wherein both the flexural and compressive strengths obtained by using conventional (destructive) tests were correlated with the normalized conductance obtained via the mNDT near-field approach. The relationships between the two strengths were established directly by using the measurement data, which verifies the indirect approach by predictions and correlations via microwave conductance.
The remainder of this article is organized as follows: Section II briefly describes the mDNT measurement principle when using a rectangular waveguide probe in connection with a handheld vector network analyzer. Section III details the mixing and casting of the ECC specimens whereas Section IV gives a presentation on the mechanical destructive tests: the compression test and the four-point bending test. Section V presents the modeling of all experimental data. Section VI outlines the prediction and correlation models of the flexural and compressive strengths. Finally, conclusions are given in Section VII.
II. MICROWAVE NONDESTRUCTIVE TECHNIQUE
The key point of microwave nondestructive technique (mNDT) is evaluating the dielectric properties of CBMs during hydration. In this study, an open-ended rectangular waveguide (RWB) probe was used, which was widely applied in the measurement of various materials [40] - [43] . The real part of admittance is also known as effective conductance, which is directly related to the dielectric properties. According to Lewin [44] , the theoretical complex admittance (Y ) of a rectangular waveguide aperture as can be formulation by:
(1) where G and B are the conductance and the susceptance of the aperture respectively; j is an imaginary number with a value of square root of -1; a and b are respectively the board and narrow dimensions of waveguide cross section. k 1 is the dominant mode wavenumber related to free-space wave number k 0 as given by
and S and G e are shown as
whereas C 1 , C 2 are expressed by:
where r = x 2 + y 2 , and k r is the wavenumber related to dielectric material, as expressed k r = k 0 √ ε r .
By solving (1) to (6) with the following parameters [45] :
the decomposed admittance with real part and imaginary part, namely, conductance and susceptance can be obtained by
where
In the microwave measurement, a handheld vector network analyzer (VNA) was used for the first 8 days early-age measurement. Keysight FieldFox VNA N9923A [46] having the ability of generating continuous wave signals from 2 MHz to 6 GHz. The monitoring of effective conductance of ECCs was undertaken by using an R-band RWG probe (WR-430) having an aperture size of 4.30 inches (109.22mm) × 2.15 inches (54.61mm). The schematic diagram of the measurement setup is illustrated in Fig. 2 . When the R-band open-end RWG probe is placed at a CBM specimen, the complex reflection ( ) can be obtained and computed by using reflected signal bouncing back from specimen. After the system calibration, the relationship between normalized complex admittance and complex reflection coefficient can be expressed by [38] ,
where G(f ) is the normalized effective conductance that is the main role in this study. 
III. MIXING AND CASTING OF ECC SPECIMENS A. RAW MATERIALS OF ECC
The compositions of ECC mixes were cement, fine silica sand, ASTM class-F fly ash, polyvinyl alcohol (PVA) fibers, water and high range water reducer (HRWR). The used cement type was GP Portland cement conformed to AS3972-1997. The fine silica sand having an average grain size of 110 µm and a maximum grain size of 250 µm was supplied by Sibelco Australia. The type of unoiled white PVA fibers was RECS-15, supplied from NYCON [47] . The mechanical and physical properties of the PVA are listed in Table 1 .
B. SPECIMEN PREPARETION
Three types of ECC specimens with slight different water to binder (w/b) ratios based on a standard mix design (w/b = 0.255) initiated by Li et al. [4] [5], which was prepared as a reference ECC mix and designated as PE2, to conduct the mechanical destructive tests and microwave nondestructive (near field) test. Since the primary objective of this study is to investigate the strengths growth of ECCs under the influence of small deviation in w/b ratio, two other mixes (designated as PE1 and PE3) were also included, which were accomplished by increasing and decreasing the initial water content from the reference mix (PE2). The mix proportions of all ECC specimens are summarized in Table 2 , where the corresponding w/c ratios are also included for comparison. Table 3 shows three kinds of standard sizes of ECC specimens were cast for various tests. After casting, all specimens were moved inside a laboratory having a temperature of 24 ± 2 • C and a humidity of 50% ± 5% for natural air curing for about 24 h and then demolded. All specimens for mechanical test were cured and stored in water tanks and removed surface moisture prior to the test.
IV. MECHANICAL DESTRUCTIVE TESTS
Two conventional mechanical tests, namely, compression test and four-point bending test, were used in this study. With the aim of improving the reliability of experimental results, three specimens of each type of ECCs were used for the standard destructive tests.
A. COMPRESSIVE STRENGTH TEST
Three types of cylindrical specimens having a size of 100 mm in diameter and 200 mm in height were prepared for compression test on the recommended ages. Before testing, all cylindrical specimens were capped with sulfur material in accordance with AS 1012.9 so as to minimize the surface irregularities. The schematic of compression test in accordance with ASTM C39 is shown in Fig. 3 . The axial concentric load was steadily applied using an INSTRON testing machine with 10 MN hydraulic load capacity. An applied load with a rate of 3 kN/s was applied without shock and stopped till to the incidence of specimen failures. 
B. FOUR-POINT BENDING TEST
Three types of prism specimens in accordance to AS 1012.8.2 measuring 100 mm×100 mm×400 mm were cast to perform four-point bending test to obtain the flexural strength of ECC in terms of modulus of rupture. The four-point bending test in accordance with Australian standards AS 1012.11-2000 were performed with an equivalent bending stress which have a rate of 0.9-1.1 MPa/min, as shown in Fig. 4 . Before the testing, all the specimens were kept wet for about 48 h as recommended by the standard. 
V. EXPERIMENTAL RESULTS AND MODELING
In this section, we firstly present all the measurement data obtained from the abovementioned microwave NDT as well as the conventional destructive tests in accordance with standards. In what follows are the nonlinear regression models of the measurement data one-by-one, with the regression coefficients and the corresponding goodness-of-fit (R 2 ) values. The measured mean values of normalized conductance at 2 GHz with standard deviations are given in Table 4 , whereas the mean values and standard deviations of flexural strength (measured in MOR) and compressive strength are listed in Tables 5 and 6 , respectively.
A. MODELING OF MICROWAVE PROPERTIES
The variations of conductance of ECC specimens against age at a frequency of 2 GHz are shown in Fig. 5 . The measurement data were obtained from microwave near-field nondestructive technique. The mean values of measured conductance were modeled by using bi-exponential regression functions, as given by where g(t) is the exponential regression function that modeled the decay of conductance, and t represents the time/age variable in unit of day, S 1 , S 2 , m, and n are the regression coefficients whose values are summarized in Table 7 . It has been observed that the bi-exponential functions have the excellent fits to the measured data, as can be verified by the goodness-of-fit (R 2 ) values.
B. MODELING OF FLEXURAL STRENGTH
In this study, the measured results of flexural strength of ECCs in terms MOR, which grow with age for 28 days, 
TABLE 8. Regression Coefficients And Goodness Of Fits For (12).
were modeled by using rational function as given in (12) . The measured data obtained from the four-point bending test and the corresponding regression curves of all types of specimens (PE1, PE2 and PE3) are displayed in Fig. 6 , whereas Table 8 summarizes all regression coefficients and goodnessof-fit values. It is clearly observed that the flexural strength of ECC specimens after 28 days curing is in a reverse order of the initial water contents. Namely, the higher the initial water contents of the ECC produce the lower the flexural strength (f r ).
where t is the time/age variable in unit of day, c and d are the regression coefficients.
C. MODELING OF COMPRESSIVE STRENGTH
Compressive strength is a vital indication of mechanical property for all types of construction building materials, which has been widely used for the evaluation of cement-based materials/composites. Here, the authors modeled the mean values of compressive strength of ECC specimens by using a first-order exponential function as given by where M and h are the regression coefficients whereas t is the time/age variable in unit of day. The product of M and w/b is the final 28-day compressive strength and h is the time constant of the exponential growing function. It is noted that the PE2 specimen has a smaller time constant than the others. This could be attributed to the tight w/b of the PE1 mix and hence the high amount dosage of HRWR was used during the mixing process. All the regression coefficients values and goodness-of-fit values are summarized in Table 9 . Fig . 7 shows the compressive strength growing versus curing age for all types of specimens. It can be observed that as at day 3, all the average compressive strength reaches about 45% of the 28-day final values. Interestingly, the average flexural strength at day 3 ( Fig. 6 ) of this study are found to be 69%-84% of the 28-day values, which means that the growing rate of flexural strength is far higher than the compressive strength of the same materials, as well as the other CBMs (e.g. concrete [18] ). This could be attributed to (i) the addition of PVA fibers, and (ii) the cylindrical shape of specimens was used for the compressive strength tests in this study. The finding on different strength growing rates is in corroboration with the previous studies [48] , [49] .
VI. PREDICTION AND CORRELATION MODELS A. CORRELATION BETWEEN FLEXUAL STRENGTH AND CONDUCTANCE
In this section, the correlation between electrical conductance and flexural strength (f r ) is developed via data mapping of (11) and (12) . An exponential correlation model of flexural strength with conductance at 2 GHz is developed, as given by
where A, C, and k are the regression coefficients.
FIGURE 8. Correlation between Flexural Strength and Conductance.
Owing to the tight differences in water-to-binder ratios, the correlation curves of ECC specimens are obtained close each other, thereby the regression curves are delicately separated as shown in Fig. 8 for clearer presentations. Nevertheless, a general trend is observed that the higher w/b ratio results in a higher value of conductance, but a lower flexural strength. For the sake of easy understanding, the corresponding data obtained by data mapping via (11) and (12) are also included on top of the correlation curves. Table 10 summaries the regression coefficients and the goodness-of-fit values for the correlation model (14) . 
B. CORRELATION BETWEEN COMPRESSIVE STRENGTH AND CONDUCTANCE
In the same manner of flexural strength, the correlation model between compressive strength in MPa and normalized conductance can be obtained via regression to the data mapped from (11) and (13), as given by
where H and s are the regression coefficients. The performances of the proposed regression functions with three w/b ratios in (15) are graphically displayed in Fig. 9 , whereas the fitting coefficients and the goodness-offit values are summarized in Table 11 . As seen, the regression curves have the very good fits to the regression data. In addition, the regression coefficient s is varying linearly with decreasing w/b, which may provide a means of distinguishing water content of ECC specimens by using conductance.
C. RELATIONS BETWEEN FLEXURAL STRENGTH AND COMPRESSIVE STRENGTH
One of the objectives in this study is to obtain the relationships between the flexural and compressive strengths of ECCs with different w/b ratios, via an early-age prediction using near-field mDNT approach. As the first step, both the flexural strength and the compressive strength are calculated by using predicted models from (14) and (15), respectively. Then the relations between flexural strength and compressive strength are obtained based on the predicted data by using a nonlinear regression function in a standard form, as given by f ri = B i ·f c n i (16) where B i and n i are the regression coefficients, and i=p, m, which represents the established relationships based on the predicted data obtained via correlation (indirect/mNDT approach) and the measured data obtained directly from the destructive test, respectively.
The values of regression coefficients and goodness of fits are summarized in Table 12 whereas the nonlinear strength (indirect) relations obtained by using prediction (IRP) data are displayed in Fig. 10 . It is seen that the flexural strength of ECC specimens are monotonically increasing with increase compressive strength while the lower the w/b ratios resulting in higher slopes on the relation curves. Moreover, it is noted that the regression coefficient B P is monotonically decreasing with increasing w/b ratio. In order to verify the accuracy and effectiveness of the predicted relations between flexural and compressive strengths, the direct relations from (16), setting i = m, obtained by using the measurement (DRM) data, are also developed as shown in Fig 11. The values of regression coefficients and goodness of fits are summarized in Table 12 . The two, indirect and direct, relations are mutually verified using the root-mean-square error (RMSE), as defined by where N is the total number of samples used within the measured limits of f ' c .
D. COMPARISON WITH PREVIOUS PROPOSED RELATION MODELS
In addition to the graphical verification between Figs. 10 and 11, which have shown good agreement on all types of ECC specimens, the RMS errors using (17) for the PE1, PE2 and PE3 are computed as 0.133, 0.130 and 0.093, respectively, as shown in Table 13 . Moreover, some empirical relations between flexural strength and compressive strength of concrete materials are also included for comparison. It has been found that these empirical equations could not be employed to predict the ECC materials as the RMS errors are higher than 2.0 [20] - [21] , [49] , [50] (shown in the second to sixth row of Table 13 ), whereas the RMS errors of the relations from the previous studies [19] , [51] are also found to be greater than 0.5. These could be attributed to: (i) different mix proportions and admixtures used on each type of cementitious materials, (ii) the w/b ratio was not specified, (iii) the empirical relations were developed by using only 28-day strength values.
VII. CONCLUSION
This paper presents an interdisciplinary approach to predict the strength relationships of fiber-reinforced cementbased materials, known as engineered cementitious composites in civil construction engineering. Investigation focus on the growth of mechanical strengths of ECCs with three tightly controlled w/b ratios by using a nearfield nondestructive technique from microwave engineering.
Flexural strength and compressive strength prediction and correlation are major differences to the prior studies. Both the conventional destructive tests and the nondestructive test were employed to obtain, respectively, the mechanical properties (flexural strength and compressive strength) and the microwave properties (conductance at 2 GHz at early ages) of ECCs. Predicting models and correlations between these properties were firstly established via nonlinear regressions. The (indirect) relations between the flexural and compressive strengths were then developed by using the prediction data from the correlation models of conductance. Finally, the relations between the two strengths were also directly established from the measurement data, which provide a means of mutual verification.
In conclusion, the authors present the following major contributions to the general body of knowledge in this article:
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